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Abstract
A pulsed oscillating power amplifier has been developed for high frequency biasing[11] and real time turbulent feedback
experiment in STOR-M tokamak. It is capable to provide output peak to peak oscillating voltage of around ±60V and current
around 30A within frequency band 1kHz-50kHz without any distortion of any waveform signal. Overall output power is
amplified by two stages power mosfet op-amp as well as nine identical push-pull amplifiers which are parallel connected in final
stages. The power amplifier input signal, collected from plasma floating potential during plasma shot, is optically isolated with
tokamak vessel for real time feedback experiment. Here, filtered floating potential fluctuations having band width between
5kHz-40kHz has been amplified and fed to an electrode inserted into the plasma edge to study response of plasma turbulence.
It is observed that magnetic fluctuations are suppressed due to real time feedback of floating potential.
I. INTRODUCTION
Real time feedback of turbulence at the edge plasma
of tokamak is promising method to control electrostatic
or electromagnetic turbulence. The necessary condition
to achieve burning plasmas in fusion reactor is to control
anomalous transport of heat and particle where the tur-
bulence is key factor [1] for these anomaly. Earlier exper-
iments showed that plasma fluctuations or instabilities
had been controlled and stabilized by feedback such as
ion-cyclotron mode in mirror machine [2], drift instabili-
ties in linear machines [3, 4]. Also, first time MHD mode
had been tried to stabilize through feed back method
in ATC machine[5]. In these all experiments, feedback
method dealt with a single mode or few small numbers
of well defined modes in frequency domain (δω  ω)
which are quite simpler comparing to tokamak cases.
The turbulence scenario in tokamak is complex com-
paring to linear or mirror machines where it is gener-
ated in tokamak through strong nonlinear coupling be-
tween different modes and finally create a broad band
spectra with small wavelengths and spatial correlation
length in perpendicular directions[6, 7]. The real time
feedback method for electrostatic turbulence suppression
has been tested in few tokamaks like TEXT[8], KT-5C [9]
and recently a feed back experiment had been performed
in HBT-EP tokamak[10] to stabilize MHD mode rota-
tion. All those simulation experiments through biased
electrode reveal that real time feed back of elctrostatic
or magnetic may be a powerful means of active control
of turbulence if proper technology of this method can be
developed for reactor like machines. To become highly
fascinated of this promising technique and achieve more
clear physics understanding, it is planned to perform real
∗ debjyotibasu.basu@gmail.com
time feedback experiment in STOR-M tokamak starting
from fundamental level. It is clear from previous ex-
periments in TEXT tokamak [8] that success of active
feed back control depends up on two basic requirements
which are: a) gain of the feedback system, b) efficient
phase shifting of broadband feedback signal from origi-
nal broadband turbulent spectra. A simple electrostatic
turbulent feedback control system has been developed to
execute active feed back control at real time in STOR-
M tokamak. This system mainly consists of a broad-
band power amplifier (1kHz-50kHz), optical isolator and
filter. Here, feedback signal collecting from Langmuir
probe has been applied to plasma through an electrode
either in phase or antiphase where electrode and probe
are located in same magnetic surface. The main chal-
lenging task was to develop a broadband power amplifier
which can transfer wide band turbulent spectra without
any distortion from its input to output.
In this article, elaborate discussions of experimental
set up, power amplifier development, experimental out-
comes and its explanations will be presented in following
sections.
II. EXPERIMENTAL SET UP
STOR-M is a limiter based small tokamak with circu-
lar plasma cross-section having major and minor radii
46cm and 12cm, respectively. During real time feed-
back experiment floating potential signal within elec-
tronically selected time window, collected from a ra-
dial Langmuir probe in floating mode, has been am-
plified and fed into plasma through a rectangular elec-
trode, made of a stainless steel plate. In this experiment,
both electrode and floating potential probe which were
inserted from radial port were kept in same magnetic
surface(r = 0.88) although they are toroidally separated
by 1800. It was diagnosed with floating potential probe
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systems, inserted from top and bottom ports and with a
set of twelve Mirnov coils which ware separated toroidally
by 900 in the counterclockwise direction (top view) with
respect to the location of floating potential probe sys-
tem. Schematic block diagram or flow chart of an ideal
active feed back system is shown in figure 1. Block dia-
FIG. 1. Block diagram for ideal active feed back system.
gram clearly illustrates the step of feedback process from
collecting turbulent spectra of plasma, processing of the
collected spectra through feedback hardware and resend
to plasma after amplification by power amplifier. The
main part of ideal feedback hardware consists of a Lang-
muir probe in floating mode with voltage divider, optical
isolator, band pass analogue filter, phase shifter, power
amplifier and an electrode. In our real experiment, pro-
cessed feedback signal has been sent to plasma either
in phase or antiphase with collected turbulent spectra.
Here, collected broadband turbulent spectra has been
filtered in between 5kHz-40kHz and optical isolator is
used to avoid any kind of ground loop. The power am-
plifier is key section of the feedback hardware and its
block diagram is shown in figure 2. This power amplifier
FIG. 2. Block diagram of broad band power amplifer.
has been developed for single mode operation for high
frequency biasing[11] experiment as well as active tur-
bulent feedback experiment. Its input signal has been
applied through function generator for single mode op-
eration where function generator controls waveform, am-
plitude as well as frequency of input applied signal. In
active feed back experiment, input signal of power am-
plifier is filtered floating potential collected from plasma.
Onset time of input signal and its active time window
during plasma discharge has been controlled through a
master TTL pulse with a pulse controller circuit where
master TTL pulse was generated from STOR-M control
room. This master TTL pulse is the input trigger pulse of
pulse controller circuit which controls both of onset time
as well as active time duration of applied input signal of
power amplifier through an electronic solid state switch
LF13202. Figure 3 shows pulse delay control circuit, op-
tical isolator circuit as well as electronic switch circuit.
These three circuits have been developed to modify con-
ventional/recomended circuits according to experimen-
tal needs. The key part of pulse controller circuit con-
2
5
71 3
84 3
6
1
4
3
1
2
Timer2
6V
NE555
2.2kΩ
0.1µF
200kΩ
8
0.22µF 0.1µF
2N3904
2N3904
1kΩ
0.1µF
5kΩOptical Pulse
NE555
500Ω
+
-
1kΩ
Timer1 5
7
4
6
HFBR-
25X1ETZ
10µF
2
Vo
-5V2.2µF
2.2µF
+5V
-5V
Output
2.2µF2.2µF
62pF
2N3906
LED
50kΩ
50kΩ
2N390668kΩ
PD210kΩ
LF356N
10kΩ
HCNR200
PD1
2N3904
Input
LF356N
10Ω
2N3904
62pF
470Ω
10Ω
+5V
Output
Trigger TTL From
10pF
5kΩ
Input
0.1µF
50Ω
LF13202
-12
0.1µF
Vr
1
Pulse Delay Circuit
3
From optoisolator
To power amplifier
2
13
5
4
+12
(a)
(b)
(c)
FIG. 3. Electronic circuit diagram of (a)pulse controller,
(b)opto-isolator, (c)Solid state electronic switch.
sists of HFBR-25X1ETZ receiver, two NE555 timer and
two 2N3904 NPN transistors. Here, HFBR-25X1ETZ re-
ceiver output is kept high level when there is no optical
signal. When it receive optical signal by its input photo-
diode then its output goes to low state. Normally, both
inputs of NE555 timer are kept at high level and naturally
its output become low level since both are configured for
monostable operation. First timer input is connected to
the output of optical receiver and its output is connected
bases of both transistors in this circuit. //Second timer
input is connected to the collector of first transistor such
that it remain high normally. Both timers are triggered
at falling edge of input from higher level to lower level
and output pulse width is controlled by a resister and
a capacitor in series combination where pulse width is
tw = 1.1RC. Finally, output pulse of pulse controller cir-
cuit is collected from collector of second transistor. Its
output become low state when second stage transistor
goes to turn on by both timers’ high state of output. Its
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output provide high state when base of second transistor
goes to lower level(first timer output) but its collector re-
main higher state(second timer output) which drive tran-
sistor to turn off. It means that transistor’s output turns
from lower state to higher state when first timer’s output
goes higher to lower state and second timer’s output re-
mains in higher state. As a result, output pulse width of
pulse controller is determined by the subtracted value of
second & first timer output pulse width. Its Pulse delay
and pulse width can be varied from 0.5ms to 44ms and
1ms to 49ms. It controls the activated time window of
solid state switch LF13202.
Figure 3(b) shows optoisolator circuit to avoid any kind
of ground loop formation. It is made by using of highly
linear analogue optocoupler HCNR200 which has high
speed with wide bandwidth from DC to 1.5MHz, highly
precision with typical value 10kHz as well as maximum
working insulation voltage Vrms = 1kV. Here, optoiso-
lator circuit is made on the principle of auto current
feedback using HCNR200 where LED light controls pho-
tocurrent of input and output photodiodes which were
used in reverse biased mode at linear region. The rec-
ommended circuit of its manual has been modified and
convert into bipolar configurations. Two op-amp based
voltage follower have been used to avoid any kind of sig-
nal distortion due to impedance mismatching of its input
and output stages. All specifications of components have
been chosen and used in the circuit according to require-
ments. Figure 3(c) shows that switching circuit where
the electronic switch activation time is controlled by the
output pulse of pulse controller circuit. The input of the
switch is connected with output of optoisolator and its
output is connected to the input of power amplifier. Op-
toisolator input signal is the signal which is coming from
either plasma turbulence for active feedback experiment
or function generator for single mode operation in high
frequency biasing experiment. Power amplifier amplifies
it and send to plasma through a biased electrode.
Till it is discussed about necessary peripheral con-
troller circuits which are important for performing syn-
chronized operation according to experimental require-
ments. Now, exploration about development of power
amplifier will be discussed in detail in following sections.
III. POWER AMPLIFIER
The broadband power amplifier has been developed
from basic ideas which is cost-effective. It has been made
in such a way that it can easily amplify oscillating sig-
nals within frequency range 1kHz-50kHz from low power
input to high power output. Here, application of a time-
varying signal having voltage ±0.4V and current ±0.5A
to the input of power amplifier will produce output sig-
nal with voltage around ±60V and current around ±30A
without any distortion. The frequency band width is cho-
sen in between 1kHz-50kHz because density driven drift
mode calculated from edge density gradient and edge
temperature of STOR-M is around 10kHz [12]as well as
MHD mode is around 20kHz[13]. The whole power am-
plifier unit has two consecutive sections which amplify
voltage and current respectively. The speed, bandwidth
as well as slew rate of all chips used in circuit have been
chosen under proper calculations such that they can serve
the purpose of bandwidth as well as phase of power am-
plifier. Voltage and current amplification parts have been
discussed in detail in following subsections.
A. Voltage Amplification Unit
Voltage amplification unit receive signal through a ca-
pacitor to remove DC offset. It has an op-amp based
voltage follower and two op-amp based voltage ampli-
fier. Each section of this unit is connected with next
one through a capacitor to avoid DC offset arising from
DC biasing of each op-amp. This is shown in figure
4(figure 1[11]). Voltage follower of this unit has been
To power amplifier
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FIG. 4. Voltage amplification unit of power supply.
made by normal op-amp LF356N to avoid the effect of
impedance mismatch with previous section. Input volt-
age has been amplified through high speed power mosfet
op-amp PA340CC having wide frequency bandwidth and
high frequency response. It has peak to peak biased volt-
age and peak current rating 350V & 120mA respectively
but peak to peak biased voltage and continuous current
rating for safe operating area are 250V & 60mA respec-
tively. Its differential input voltage can be varied in be-
tween -16V to +16V. Gain Bandwidth Product(GBWP
at 1MHz), slew rate(at compensation capacitance 4.7pF)
and power bandwidth(at peak to peak voltage 280V) are
10MHz, 32V/µS & 35kHz respectively. Here, amplifica-
tion has been done by two stages inverting op-amp am-
plifiers where amplification factor of first stage and sec-
ond stage are 17.5 & 10 respectively. As a result equiv-
alent amplification factor is around 175. Output current
of voltage amplifier is limited by 330Ω resistance, con-
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nected at second stage of op-amp when its biasing volt-
age ±120V and limiting current is 38mA. Therefore, its
power dissipation is 9W where continuous safe operating
power dissipation is 14W.
To understand frequency response of this section, it
needs to calculate two important parameters which are
GBWP and power bandwidth. In op-amp GBWP is de-
fined by GBWP = GAIN × fBW , where fBW is fre-
quency bandwidth. GBWP is constant quantity for wide
range of frequency for op-amp even beyond of its cut-
off frequency of bandwidth. In the case of PA340CC,
GBWP=10MHz when fBW = 1MHz and so, it can be
said that GAIN=10 for frequency band width 1MHz. For
first stage of inverting amplifier GAIN=17.5 and since
GBWP=10MHz, it can be said that fBW = 570kHz. It
can only predicts that voltage amplifier can amplify up
to signal with frequency 570kHz. But it does not predict
whether output signal will be distorted or not. To under-
stand the frequency range of undistorted signal in output
of voltage amplifier, power bandwidth(PB)is required to
calculate where PB = SlewRate2piVp . Here, Vp is peak out-
put voltage of oscillatory signal. So, calculated value
of PB=72kHz where, slew rate=32V/µS & Vp = 70V.
Therefor, the developed voltage amplifier able to gen-
erate undistorted output signal up to 70kHz with peak
oscillating voltage 70V.
B. Current Amplification Unit
Configuration of push-pull amplifier(type ‘AB’)
has been used for power amplification section which
is shown in figure 5(figure 2[11]). Complementary
FIG. 5. Current amplification unit of power amplifier.
darlington silicon power transistors MJH11021 (PNP)
and MJH11022(NPN) have been used for power am-
plification. MJH11021 & MJH11022 have been chosen
because of these two chips have maximum sustainable
voltage collector-emitter(VCE)=250Vdc, collector-
base(VCB)=250Vdc & emitter-base(VEB)=5Vdc as
well as maximum collector current(IC)=10Adc, base
current(IB)=0.5Adc, power rating(PD)=150W, dc
current gain(hfe) hfemin=400 & hfemax=15000,
current-gain bandwidth product(fT ) fTmin=3MHz at
(IC=10Adc,VCE=3Vdc,f=1MHz). Here, nine identical
push-pull amplifiers has been used at the final stage
for current amplification where they are connected in
parallel. Circuit design had been started to control
the base current of these nine identical amplifiers and
maximum value of IB was kept within 70mA at opera-
tional condition. Here, one buffer stage has been used in
between voltage amplifier and final current amplification
stage to supply sufficient amount of base current. Since,
the final output was planned to apply at plasma through
electrode so, it is obvious that power amplifier should
be capable to deliver huge amount of electron current in
positive half of oscillatory signal. Here, it is designed
maximum rated current 30A when DC biased voltage
of each push-pull amplifier section is ±70V. The typical
behaviour of it is shown in figure 6. Figure 6(a) shows
that typical temporal profile of input and output voltage
signal. This shows output signal peak value is 56V &
(a)
(b)
(c)
FIG. 6. Typical example of (a) input and output signal with
time, (b)frequency versus gain, (c)frequency versus phase in
between input and output signal of power amplifier.
if VCE=1Vdc according to characteristic of chip then
calculated value of current is 3.25A since supply voltage
is ±70V with current limiting resistance is 4Ω(10W).
Therefore, total current rating of the power amplifier
is ∼30A. Successful bench test of power amplifier in
pulse mode was done through output resistance with
minimum value 2Ω(2000W) where no distortion of
output signal has been observed. If more current is
planned to draw from the circuit without any distortion
in this configuration then biasing voltage of this section
need to increase more than ±70V according to proper
calculations. Here, crossover distortion at zero voltage
point was overcome by two identical diodes UF4007 with
two identical biasing capacitor having capacitance 68µF.
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Here, current gain, calculated from its characteristic is
around hfe=1500. Figure 6(b) shows that overall fre-
quency response of the power amplifier and it is cleared
that its power gain(A) is around 43dB within frequency
range 1kHz-50kHz. Here, mathematical formulation of
power gain(A)=10log PoutPin ' 20 log VoutVin , where, input
resistance(Rin)'output resistance(Rout)(RoutRin = 2.5).
Figure 6(c) shows its phase variation in between input
& output signals which lies in between ±500 for the
frequency range 1kHz-50kHz.
IV. RESULTS & DISCUSSIONS:
The power amplifier was successfully used for high fre-
quency biasing experiment[11] or single frequency mode
operation where improved confinement was achieved ef-
ficiently. In real time feed back experiment, signal of
floating potential within selected time window has been
fed into biasing electrode. The flow chart of this study
has been shown in figure 1. It indicates floating potential
signal from Langmuir probe is taken through an optical
isolation to avoid ground loop formation which is passed
through a band pass filter with lower & upper cut off fre-
quency 5kHz & 40kHz respectively. Ideally this filtered
frequency should passed through a broad band phase
shifter but in our case it is directly connected to the input
of power amplifier. Typical shot of real time feed back is
shown in figure 7 where it shows that selected time win-
dow 13ms-21ms of floating potential has been fed into
plasma. Hα intensity level is not changed remarkably
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within active turbulence feedback time window compar-
ing with signal level of before and after feedback. Ini-
tially, it is tried to observe mainly that whether any per-
turbation arises or not during application of active feed-
back such that plasma condition may be deteriorated.
Both floating potential fluctuations as well as Mirnov sig-
nal fluctuations have been studied. Comparison is taken
in between three fluctuations regimes which are before
feedback, within feedback and after feedback. It is no-
ticed that floating potential fluctuation levels within feed-
back time window is not changed comparing with before
and after feedback fluctuations level. It is shown in fig-
ure 8. Here, phase of active feed back signal was drifted
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floating potential signals before(red solid), during(two black
dotted) & after(blue solid) feedback.
with respect to selected time window of floating poten-
tial which is shown in figure 9(b). Here, it is noticed that
feedback signal is completely coherent within applied fre-
quency bandwidth 5kHz-40kHz with selected floating po-
tential time window which is fed into plasma, shown in
figure 9(a) but phase is drifted from 00 to −900, shown
in figure 9(b).
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Figure 8 clearly indicates PSD of top and bottom float-
ing potential fluctuations before (red solid line) and af-
ter (blue solid line)feedback have no change comparing
with PSD of feedback regime(dotted lines)of same signal.
Here, 3ms time window is chosen for PSD calculations for
each case. But, interestingly it is noticed that magnetic
fluctuations suppression happens within feedback time
window comparing same with before and after feedback
at overall plasma poloidal cross-section. It is cleared from
figure 10(a),10(b),10(c),10(d) that PSD of Mirnov signals
from radially outboard, top, radially inboard and bottom
were suppressed during feedback(red solid line) regime
comparing with regime of before feed back(black solid
line). Feedback of floating potential stabilize magnetic
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FIG. 11. Evolution of spatial mode structure before(black
solid), during(red) & after (blue solid)feedback.
mode which is shown in figure 11. It shows that spatial
mode structure (m = 4) has been stabilized. Its struc-
ture remain unchanged and it is not grown up. Mode
structure evolution has been shown in figure 11 at before
feedback phase(black line) 10ms−13ms, during feedback
phase(red line) 13ms−16ms & after feedback phase(blue
line) 17ms− 20ms.
V. CONCLUSION:
Successful active feed back turbulent experiment has
been performed in STOR-M tokamak with free phase
drifting. Interestingly, it is noticed that plasma electro-
static turbulence is not enhanced during feedback time
window but magnetic fluctuations has been suppressed
due to active feedback. In future, phase shifter will be
used to active control over phase to observe its effect for
extensive experimental studies.
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